We investigate the magnetooptical effects in near-infrared wave properties for a semiconductor-based photonic crystal (PC) containing n-type InSb. We find that the static magnetic field serves as an externally switching and tuning agent in the wave transmission near 1.54 m. With the applied static magnetic field, an additional small transmission gap, which does not appear in the absence of static magnetic field, can be opened up. The position of this gap can also be further tuned by the variation in this static field. The analytical results near this wavelength reveal that such a semiconductor PC can work as a magnetically tunable notch filter, which will be informative and of technical use to signal processing in optical communications.
Introduction
Photonic crystals (PCs), artificially periodic structures having alternating distribution in refractive indices, have attracted much attention in the communities of photonics and material physics [1] , [2] . PCs are characterized by the photonic band gaps (PBGs) which are formed due to Bragg reflections. PBGs are analogous to the electronic band gaps in solids, meaning that the propagation of electromagnetic waves with frequencies inside PBGs is forbidden. The existence of PBGs enables us to employ PCs to tame the light and consequently some useful photonic devices can be achieved. In addition, interesting phenomena such as the photon localization and the spontaneous emission, which are fundamental to the physics of PCs, have been reported earlier [3] , [4] .
For applications in photonic devices, PCs with tunable PBGs are of technical use and more attractive. Tunable PBGs mean that the photonic band structures (PBSs) of PCs can be controlled by some external agents such as the temperature, the electric field, or the magnetic field. For PBSs that can be changed by temperature, we have the T-tuning PCs. This tuning arises from the temperature-dependent permittivity in one of the constituents. Familiar examples include superconducting PCs [5] - [7] , semiconducting PCs [8] - [10] and PCs infiltrated with liquid crystals [11] - [13] . PCs are referred to as E-tuning if PBSs can be tuned by externally applied electric field [11] - [14] . When PBSs are changed by the external static magnetic field, it is then called the Mtuning. Examples of M-tuning PCs are those containing superconductors [15] - [18] or semiconductors [19] - [21] .
In this paper, we investigate the M-tuning feature in a semiconductor-based PC. Here, the PC contains an n-type InSb. Investigation of magnetooptical (MO) effects in the wave transmission at near-infrared (IR) is given. The study is focused in the wavelength near 1.54 m in the Faraday geometry, namely the externally applied static magnetic field is parallel to the direction of wave propagation. With the analytical results, the role played by static magnetic field in the optical properties in such PC will be elucidated. That is, the PC can function as a tunable notch filter in the presence of static magnetic field. The results provide important information that could be of practical use in the semiconductor optoelectronics, especially in the application of optical communications.
Basic Equations
It is known that there are two geometric configurations in studying the MO effects when we use the magnetic field to tune PBSs in a semiconductor-based PC. One configuration, in which the static magnetic field is applied parallel to the direction of wave propagation, gives rise to the so-called Faraday effect. The other is that the magnetic field is perpendicular to the direction of propagation. In this case, the Voigt effect is obtained. In this paper, we limit our consideration to the Faraday effect, as depicted in Fig. 1 , where the static magnetic field B is applied along the direction of wave propagation through the PC.
In Faraday geometry, the relative permittivity of n-type InSb can be expressed as a Lorentz-like form, namely [22] 
Here, the Bþ[ sign in the second term of denominator involving cyclotron resonance frequency ! c is a cyclotron resonance active (CRA) case whereas it is cyclotron resonance inactive (CRI) if the BÀ[ sign is taken [19] . The cyclotron resonance frequency ! c is defined by
where B is the static magnetic field, e is the electronic charge, and m Ã is the effective mass of electron. In this paper, we shall limit our consideration to CRI case and, in this case, the real and P embedded in air, where layer 1 is taken to be the n-type InSb and layer 2 is a dielectric. The incident with unit power is incident normally at the left boundary, z ¼ 0. The reflectance and transmittance are denoted by R and T , respectively. A static magnetic field B is applied parallel to the direction of wave propagation.
imaginary parts can be expressed as
The plasma frequency in (1) is expressed as
where " 0 is the free-space permittivity, " 1 is the relative permittivity in the high-frequency limit, and N is the impurity carrier density. In addition, the loss factor, the damping frequency , is the scattering rate of the carriers which is related to the mobility by
With the permittivity in (1), the corresponding refractive index of n-type InSb is then given by
In what follows, we shall first investigate the wave properties for a bulk n-type InSb, and then for the PC shown in Fig. 1 . Normal incidence will be considered in this work. To study the bulk properties, we adopt a model structure that a material occupying half space, z 9 0. The response function is taken to be the reflectance R which, based on the Fresnel's formula, can be expressed as
As for the PC structure in Fig. 1 , the transmittance T , reflectance R, and absorptance A, will be used to investigate MO effect. These quantities can be calculated by making use of the transfer matrix method (TMM) [23] . According to TMM, the reflection coefficient r and transmission coefficient t can be determined by the matrix elements of the overall transfer matrix M T which is the product of the individual transfer matrices, namely
where P is the number of periods of the PC. Here, the transfer matrix M i for layer i ði ¼ 1; 2Þ is given by
where i ¼ n i =c and the phase difference developed by one traversal of the layer i is i ¼ 2n i d i =. Then r and t can be calculated by the following equations
where 0 ¼ n 0 =c and s ¼ n s =c are respectively the parameters of the left and right bounding media. The transmittance T and reflectance R are thus given by
which, in turn, give the absorptance A,
based on the power balance equation.
Numerical Results and Discussion
In the next calculation, the following material parameters for n-type InSb will be taken in our calculation. They are the effective mass m Ã ¼ 0:014m 0 (m 0 is the mass of free electron), the mobility ¼ 70 m 2 =V-s, and " 1 ¼ 16:8 [19] .
Properties of Relative Permittivity of n-InSb
In Fig. 2 , we plot the real and imaginary parts of " r given in (1) at B ¼ 103 G and N ¼ 10 Â 10 16 cm À3 . The curves are reminiscent of those in a lossy dielectric [24] . That is, there exists a resonance wavelength r ¼ 1:5289 m at which the imaginary part (the loss) " 00 attains a maximum. Very near the resonant point, there is a small region of 's for which the slope is positive in " 0 , the real part of permittivity. The positive slope often can be referred to as a normal dispersion which is in contrary to that in the lossy dielectric which has a negative slope around r . It is of note that, in the vicinity of dip in " 0 , the values of " 0 are negative, indicating that n-type InSb can be as an epsilon-negative (ENG) material in this region. An ENG material belongs to a kind of single-negative (SNG) material, which has attracted a great deal of attention due to the emergence of metamaterials in recent years [25] . Fig. 3 illustrates the static-magnetic-field dependence of resonance wavelength that is plotted only from imaginary part of permittivity. It can be seen that the resonance wavelength has a red-shift as B increases. The resonant wavelengths are 1.5289, 1.5438, and 1.5586 at B ¼ 103; 104; and 105 G, respectively. It is worth mentioning that such resonant behavior can occur only in CRI case described in (1) . In fact, we have found that no resonant can be seen in the near-IR region when CRA is considered. This is reason why we have limited our consideration in CRI case, as mentioned previously in (3). The effect of impurity concentration on the imaginary part of relative permittivity is illustrated in Fig. 4 , where three different concentrations, N ¼ 1 Â 10 16 (blue), 5 Â 10 16 (red), 10 Â 10 16 (black) cm À3 , and a fixed external static magnetic field, B ¼ 104 G are taken. In can be seen that the peak height has been significantly enhanced as N increases, but the resonance wavelength is nearly unchanged because it is insensitive to the change in N. The enhancement in " 00 can be ascribed to the increase in the plasma frequency when we increase N, as can be seen in (4) where " 00 / ! 2 p / N. Indeed, this enhanced behavior also exists in " 0 , the real part of permittivity.
Wave Properties of Bulk n-Type InSb
To study the wave properties for a bulk n-type InSb, in Fig. 5 , the reflectance in (8) at B ¼ 0 is calculated and plotted in region of 1-250 m. The reflectance exhibits a dip at a certain wavelength such that R ¼ 0. The position of dip is moved to shorter wavelength at higher doping concentration. The wavelength at dip can be defined as an effective plasma wavelength p;eff which has values of 50, 70, and 157 m for N ¼ 1 Â 10 16 (blue), 5 Â 10 16 (red), and 10 Â 10 16 (black) cm À3 , respectively. For wavelengths larger than p;eff , R ¼ 1, indicating that the wave is totally reflected. At B ¼ 0, the permittivity of n-type InSb becomes which indicates that n-type InSb behaves like a metal with a plasma wavelength p ¼ 2c=! p . Increasing N will increase ! p , which, in turn, leads to a decrease in p . In fact, the value of p is very close to and just slightly larger that of p;eff . The calculated plasma frequency falls in the terahertz region of 1-6 THz. In the region of interest such as near-IR, the reflectance at different N is near a constant of 0.306. Thus, at near-IR and at B ¼ 0, the n-type InSb behaves a usual dielectric.
Let us go back to investigate MO effect for the bulk n-type InSb. In the presence of static magnetic field, the calculated reflectance R is shown in Fig. 6 , in which three different magnetic fields B ¼ 103; 104; and 105 G are taken at a fixed N ¼ 10 Â 10 16 cm À3 . The reflectance oscillates strongly around the resonance wavelength depicted in Fig. 3 . High reflectance can happen only at wavelengths very close to the resonance wavelength. The position of high reflectance can be moved to a longer wavelength as B increases. Conclusively, in the vicinity of 1.54 m, the bulk n-type InSb behaves a like lossy dielectric in the presence of static magnetic field. Fig. 7 shows the reflectance at a fixed static magnetic field of B ¼ 104 G for three different concentrations N ¼ 1 Â 10 16 , 5 Â 10 16 , 10 Â 10 16 cm À3 , respectively. It can be seen that the oscillation strength is enhanced as N increases. In addition, the oscillation range is also widened at a large value of N.
Wave Properties in n-InSb/Air PC
Let us now investigate the wave properties in an n-InSb-based PC with n 0 ¼ n s ¼ n 2 ¼ 1. In  Fig. 8 , we plot the transmittance for a PC structure of ðn-InSb/airÞ 5 (the number of periods is five) at a fixed doping concentration, N ¼ 10 Â 10 16 cm À3 and different static magnetic fields, Figs. 2-4 , in which the imaginary part of permittivity, " 00 , is significantly large at resonance wavelength when B is turned on. This large " 00 will leads to a considerable absorption A in a PC structure as will be seen in Fig. 9 . In fact, there is additional small transmission gap near 1.54 m in Fig. 8 which can be clearly seen in Fig. 9 , where the conditions of B ¼ 104 G and N ¼ 10 Â 10 16 cm À3 are used. The small transmission gap with T ¼ 0, which is confined between two vertical lines, does not imply R ¼ 1 since there exists a substantial quantity in A. Thus, the static magnetic field can be used as a switch that can close out ðB ¼ 0Þ or open up ðB 6 ¼ 0Þ a transmission gap near 1.54 m in a PC. This transmission gap can make the PC play as a notch filter that is of use in optical signal processing.
With practical use in optical communications at this wavelength, it is thus worthwhile to further investigate other related properties. In view of transmission, the applied magnetic field cannot only open up a small gap in the vicinity of the resonance wavelength but also works as a tunable agent. That is, the position of this small gap can be tuned by the static magnetic field. Such a tunable feature can be seen in Fig. 10 , where the small gap is moved to the right as B increases. Although the gap can be shifted, the gap size is nearly unchanged due to the variation in B. Finally, the MO effect due to different concentrations at a fixed static magnetic field of B ¼ 104 G is shown in Fig. 11 . It can be seen that the transmission gap in Fig. 10 can also be tuned by varying the concentration, i.e., the gap will be opened widely as the concentration increases.
Conclusion
The magnetically tunable near-IR wave properties in an n-type InSb-based PC have been investigated. Based on the analytical results, some conclusion can be drawn. In the permittivity of n-type InSb, there exists a resonance wavelength where a maximum loss is attained. The MO effect in the PBS can be significant only in the vicinity of resonance wavelength. This strong effect leads to opening up a small transmission gap near 1.54 m and consequently the PC can be used to work as a notch filter. This notch filter can further become tunable as a function of the static magnetic field. A design of tunable notch filter will be of particular use in the signal processing for optical communications.
